Unilateral stereotaxic injection of 3.5 nmol of kainic acid into the ventral globus pallidus of rats reduced biochemical cholinergic neuronal markers by 45-50% and virtually eliminated histochemical staining for acetylcholinesterase in neocortex ipsilateral to the lesion. At the lesion site, the large, multipolar neurons that stain densely for acetylcholinesterase were absent when compared with the uninjected side. Kainate was as effective as electrocoagulation for reducing cholinergic markers although it did not affect aminergic projections ascending through the lesioned area. The conclusion that the cholinergic projection originated in neuronal perikarya at the lesion site was supported by the failure of kainate or electrolytic lesions in contiguous regions to produce similar effects. These studies provide strong evidence for a cholinergic projection to neocortex from neurons in the forebrain in the nucleus basalis.
The mammalian cerebral cortex contains the neurotransmitter acetylcholine (AcCho) and moderately high levels of activity of its biosynthetic enzyme choline acetyltransferase (acetylCoA:choline O-acetyltransferase; EC 2.3.1.6) and its catabolic enzyme acetylcholinesterase (AcCho-esterase; acetylcholine acetylhydrolase; EC 3.1.1.7) (1, 2). AcCho and drugs that alter cholinergic neurotransmission influence cortical electrical activity, and under physiologic conditions AcCho is released from the surface of the neocortex (3) . Neocortical neurons, especially in the deeper layers, are strongly excited by the iontophoretic application of AcCho (4); and muscarinic cholinergic receptors have been characterized in neocortex by neurophysiologic and neurochemical methods (5) (6) (7) . Ligand binding studies with a-bungarotoxin have also demonstrated the presence of nicotinic receptors in cortex (8, 9) . These findings suggest that the neocortex receives a substantial cholinergic innervation.
Previous studies on the possible source of cortical cholinergic innervation have, however, been inconclusive. Undercutting of the cerebral cortex to lesion cortical afferents results in a marked reduction in the activity of choline acetyltransferase, suggesting a subcortical source of cholinergic innervation (10) ; however, interpretation of the effects of this local lesion is confounded by the possible direct or retrograde damage to cortical intrinsic cholinergic neurons. Shute and Lewis, in a series of elegant experiments, used histochemical techniques to stain for AcCho-esterase activity in neuronal fibers and concluded that the neocortical cholinergic innervation arose from perikarya situated in the brain stem and diencephalon (11) ; however, the recent demonstration that many noncholinergic neurons are also cholinesterase-positive has undermined the specificity of their technique (12) (13) (14) . In contrast, McGeer et al. (15) , utilizing antiserum against choline acetyltransferase to stain for neurons containing this enzyme, which presumably are cholinergic, reported that choline acetyltransferase was confined to cortical intrinsic neurons; however, the specificity of their immunocytochemical technique has been questioned (16) .
Because of the lack of specific histologic methods, mapping of central cholinergic pathways (for example, the septo-hippocampal projection) has depended primarily upon the assessment of the effects of focal lesions on the biochemical markers for cholinergic neurons in a proposed terminal field (17) (18) (19) (20) . These markers include the neurotransmitter itself, AcCho, its biosynthetic enzyme choline acetyltransferase, and the sodium-dependent high-affinity transport process for choline in nerve terminal (synaptosomal) preparations. Recent neurochemical studies of adult rat cortex markedly depleted of intrinsic neurons by fetal treatment with methylazoxymethanol suggested that a major component of cholinergic innervation to neocortex is derived from subcortical structures spared by the toxin (21) . In the present study, we have examined the effects of discrete lesions made by electrocoagulation or direct injection of kainic acid in subcortical regions on the levels of the three presynaptic markers for the cholinergic terminals in the neocortex. We have demonstrated that a major cholinergic projection to the rat neocortex originates from cell bodies within and beneath the medial globus pallidus (GP) in the nucleus basalis. Because kainic acid may cause a selective neuronal degeneration in areas distant from the primary injection site, it was necessary to determine that the reduction in cortical cholinergic parameters did not result from such distant cell loss (37) . Kainic acid lesions of several areas close to the GP but not involving the lower border of the caudal half of the GP affected neither the activity of choline acetyltransferase nor that of glutamate decarboxylase in the neocortex; these regions included the thalamus, the dorsal GP, the pyriform cortex, and the entorhinal cortex.
MATERIALS AND METHODS
Histology of the Pallidal Kainate Lesion. With the low dose of kainic acid utilized, the pallidal lesion was quite restricted, with a radius of 0.7 mm. Neuronal loss beyond the borders indicated in Fig. 1 large multipolar neurons just beneath the medial GP (Fig. 1) . The affected area was involved in a moderate gliotic reaction. Examination of the same region in sections prepared by the histochemical method for AcCho-esterase revealed a marked loss of the large AcCho-esterase-reactive neurons within and beneath the medial GP on the injected side (Fig. 1) . Furthermore, the AcCho-esterase-containing fibers, particularly prominent in the deep layers of the lateral neocortex, were severely decreased in neocortex ipsilateral to the pallidal kainate lesion (Fig. 2) . Sections prepared under conditions to control for cholinesterase activity or nonspecific staining did not exhibit esterase-positive neuronal elements in cortical or subcortical regions. DISCUSSION The mapping experiments of Shute and Lewis indicated that the neocortex is innervated by AcCho-esterase-reactive fibers coming from neurons located in the region of the GP of the rat (11). They observed that these neurons have large cell bodies and exceptionally long dendrites. The location and appearance of these neurons was subsequently confirmed by other investigators (12). Shute and Lewis concluded that these neurons utilized AcCho as their neurotransmitter on the basis of their intense AcCho-esterase reactivity; this inference was premature because neurons that do not synthesize AcCho can also stain for AcCho-esterase (12) (13) (14) . Thus, the neurotransmitter associated with this pathway has remained unknown. Nevertheless, their mapping of the proposed cholinergic pathway appears remarkably accurate in light of the present evidence.
Histologic evidence indicates that the large AcCho-ester- (40) . That the neurons are distinct from pallidal neurons is further supported by the fact that they project directly to neocortex. Thus, in rabbits, Das (41) Measurement of cortical neurochemical markers for noradrenergic, serotonergic, and histaminergic neurons whose axons travel in the medial forebrain bundle adjacent to the lesion site indicated that these axons of passage were also spared. The results are unlikely to be related to diffusion of kainic acid into relevant contiguous structures such as the pyriform cortex or the thalamus because the direct injection into these areas did not affect cortical cholinergic markers. The ineffectiveness of thalamic lesions is of interest because neurophysiologic evidence has prompted the suggestion that AcCho released from cortex might be derived from thalamocortical pathways (3) . Similarly, another putative cholinergic pathway to forebrain, the AcCho-esterase-positive ventral tegmental bundle (11, 48), which ascends from the brainstem through the region of the zona incerta, was not the site of kainate's action because an electrolytic lesion that included zone incerta also did not affect cortical cholinergic parameters. Although it is unlikely that kainic acid would damage internal capsule fibers, thereby producing a retrograde degeneration of intrinsic cortical neurons, this potential mechanism can be discounted because electrolytic lesions that largely spared the GP but severely damaged the capsule did not alter the cortical cholinergic markers. Thus, potentially confounding factors limiting conclusions from previous experiments that involved ablative techniques alone appear to have been adequately controlled. Additionally, potential pitfalls in the use of kainic acid appear to have been avoided.
The selective loss of biochemical markers for cholinergic neurons in the neocortex after kainate lesion was associated with a marked unilateral decrease in AcCho-esterase staining in the neocortex and loss of the large AcCho-esterase-positive neuronal perikarya in the medial GP and substantia innominata. The biochemical, histoehemical and morphologic changes considered together with the results of previous studies provide compelling evidence that the origin of the ascending cholinergic pathway lesioned in our experiments is the large multipolar neurons situated in the medial GP and substantia innominata of the rat, neurons that are phylogenetically analogous to those of the basal nucleus of Meynert in primates. On morphologic grounds, this cholinergic pathway resembles other groups of reticular neurons dispersed in the brainstem, including the noradrenergic and serotonergic neurons that provide direct and widespread projections to the neocortex (49) .
The demonstration of an ascending cholinergic projection to neocortex has considerable functional significance. Electrophysiologic evidence had suggested the existence of direct connections from the basal forebrain to neocortex prior to its morphologic description (50) . Neuroanatomic studies of the large neurons in the peripallidal region have demonstrated that they receive fiber connections from many areas, including the mesencephalic reticular formation, the paramedian limbic areas, and amygdala (45, 46) ; in addition, they are contiguous to neurons of the lateral hypothalamus, GP, and axons traversing the medial forebrain bundle (51) . Electrophysiologic studies in monkeys indicate that the activity of a high percentage of the basal nucleus neurons is modulated by some aspects of food reward after successful completion of a motor task (52) . The ascending cholinergic projection to neocortex is also of potential clinical pharmacological and neuropathologic importance because blocking cholinergic neurotransmission with muscarinic receptor antagonists impairs human memory functions (53) and presenile "cortical" dementia (Alzheimer disease) is associated with marked reduction in cholinergic neurochemical markers in neocortex (54) . The delineation of a major subcortical contribution to the cortical cholinergic innervation suggests that studies directed at understanding of the pathogenesis of such clinical disorders might profitably be diNeurobiology: Johnston et al. 5896 Neurobiology: Johnston et al.
rected towards the cholinergic neurons in the basal forebrain.
